Azimuthal reflection high-energy electron diffraction (ARHEED) and in situ grazing incidence synchrotron x-ray diffraction techniques are employed to investigate the growth, epitaxial orientation, and interfacial structure of MnAs layers grown on GaAs(001) by molecular beam epitaxy (MBE). We demonstrate the power and reliability of ARHEED scans as a routine tool in characterizing the formation of epitaxial films. The ARHEED scans clearly reveal the formation of the rectangular MnAs unit cell during growth on GaAs(001) for a MnAs layer thickness of 2.1 6 0.2 monolayers with a tensile strain along the MnAs ½11 20 direction. A periodic coincidence site lattice, which is known to form along the MnAs [0001] direction to release the strain due to the huge lattice mismatch ($30%) also produces periodic satellites of the diffraction spots in the ARHEED scan. The formation of different epitaxial orientations of MnAs during MBE growth can be directly observed using ARHEED scans. ARHEED is demonstrated to have a resolution similar to synchrotron x-ray diffraction with a double crystal monochromator, yielding full width at half maximum values of reflections as small as 0.005 reciprocal lattice units.
I. INTRODUCTION
The ambition to create a new class of electronic devices based on the spin degree of freedom 1 of the electrons, in addition to or instead of, the charge has triggered extensive research on ferromagnetic semiconductor hybrid structures. 2 The fabrication of these devices requires the integration of a ferromagnetic material with a semiconductor on the atomic scale. Various applications of these possible spin-based devices in day-to-day life require the ferromagnetic material to have a Curie temperature above room temperature. However, the ferromagnetic material should also be compatible with widely used substrate materials in the semiconductor industry such as Si(001) and GaAs(001). A suitable candidate for such hybrid structures is MnAs because (i) its Curie temperature is above ambient temperature (315 K), (ii) it can be epitaxially grown on both Si and GaAs substrates, 3, 4 (iii) MnAs is thermally stable on GaAs and Si substrates, and (iv) it is compatible with the existing III-V molecular beam epitaxy (MBE) technology, hence, it can be grown in the same MBE chamber used for III-V compound growth.
The structural and magnetic properties of bulk MnAs were already studied in the 1960s. 5, 6 MnAs thin films are usually deposited at an elevated temperature of around 523 K in the c-MnAs phase and are then gradually cooled down to room temperature. It is worth mentioning that, while cooling down to room temperature, MnAs experiences two structural and magnetic phase transitions. At around 398 K, the hexagonal paramagnetic c-MnAs (NiAs-type, P6 3 =mmc) undergoes a second order phase transition to form the orthorhombic paramagnetic b-MnAs (NiP-type, Pnma) phase. Upon further cooling, at 315 K it returns to the hexagonal a-MnAs (NiAs-type, P6 3 =mmc) structure through a firstorder phase transition, however adapting a ferromagnetic state. The first order magnetic phase transition (b ! a) at 315 K is accompanied by a substantial volume expansion ($2%). The complex phase diagram of MnAs indicates a strong and unique coupling between the magnetism and the crystal structure. Therefore, it becomes extremely important to have precise control and understanding of the structure, strain state, and orientation of these films during growth. Because of the phase transitions, vital information about the nucleation, orientation of the film, and interface structure are not accessible at room temperature and must be obtained during growth. In this work, we use a technique called azimuthal reflection high-energy electron diffraction (ARHEED) 7 together with in situ grazing incidence synchrotron x-ray diffraction (GID) during the MBE growth of MnAs thin films on GaAs (001) to study the strain evolution, epitaxial orientation, and interface structure of the growing film. Recently, ARHEED has been used to investigate the surface reconstructions of GaSb and AlSb. 8 High-quality c-MnAs can be grown epitaxially on GaAs surfaces of different orientations. 4, [9] [10] [11] The MnAs crystallizes with a lattice parameter of 3.701 Å along the MnAs ½11 20 direction (a-axis) at growth temperature. The lattice mismatch between MnAs and GaAs along the a-axis is $7.5%. This 7.5% mismatch is found to be accommodated by the formation of a periodic array of misfit dislocations at the interface. [12] [13] [14] The lattice misfit along the orthogonal caxis of MnAs defined by the distance between the adjacent lattice planes [ d MnAs (0002) and d GaAs (2 20) ] amounts to $30%. Transmission electron microscopy studies reveal that this large misfit is released by the formation of a coincidence site lattice which reduces the misfit to 5%. This remaining 5% misfit is released by the formation of secondary defects that introduce additional planes into the coincidence lattice. 12 In this article, we present ARHEED patterns recorded while rotating the substrate about the surface normal during MnAs film growth. This technique allows us to construct a planar cut through reciprocal space parallel to the surface (see Fig. 1 ) and provides two-dimensional real time information on the nucleation and interface formation of the MnAs film. The technical details of this method are described in the following section. We then discuss the strain state of the film during growth of MnAs, followed by an analysis of the interfacial structure along the c-axis direction revealed by ARHEED. Finally, we compare and discuss ARHEED and GID measurements of the different domain orientations present in the film.
II. EXPERIMENT
The ARHEED and x-ray diffraction experiments were performed at the PHARAO beamline of the Paul-Drude Institute at the synchrotron source BESSY-II of the Helmholtz Center for Materials and Energy in Berlin (Germany). At this beamline, a multiple solid source MBE chamber with a high precision RHEED gun is permanently installed within a 6-circle surface diffractometer system. 15 The sample holder is rigidly connected to the goniometer of the diffractometer, which enables us to rotate the sample with high precision. The sample, typically one quarter of a 2 in. GaAs(001) wafer, is held at one corner by a clamp on the specially designed sample holder. This makes it possible to have unshadowed access to the sample surface while rotating it by 180
. The sample temperature is measured in the usual way with a non-contact thermocouple behind the wafer. The accuracy of the temperature measurement is estimated to 6 10 K at the growth temperatures discussed here. The electron gun was operated at 20 kV acceleration voltage. The RHEED intensities were recorded using a charge coupled device camera at a sampling rate of 50 Hz using a specially designed image acquisition system. 16 We recorded the intensity along specific lines (called 'sensors' in the following) parallel to the shadow edge (Fig. 2) while continuously rotating the substrate, as described in a previous publication. 17 The rotation speed of the substrate was around 0.16 rpm. As an example, the positions of four sensors superimposed on the (1x) MnAs pattern are shown in Fig. 2 . The intensity profiles are simultaneously recorded during substrate rotation along the three horizontal lines. Due to the electrical field of the sample heater, the specular spot describes a small elliptical movement during the sample rotation. The vertical line (shown as number 4 in Fig. 2 ) serves as a reference to keep the specular spot on that line by small manual adjustments of the beam position during the measurement. The recorded line profiles are processed by the data acquisition program to construct the complete plane that cuts reciprocal space at the specified position parallel to the sample surface. This type of cut is similar to the diffraction patterns recorded by low-energy electron diffraction (LEED) measurements, except that the LEED pattern is a spherical cut through reciprocal space, whereas our azimuthal scans are planar. Such a planar cut of the reciprocal lattice plane, which can be measured by ARHEED, is illustrated as a horizontal disk in Fig. 1 .
The x-ray diffraction profiles we compare with the RHEED data are measured in a grazing incidence-grazing exit geometry using 10 keV synchrotron x-rays. The high brilliance of the primary beam allows us to investigate very thin epitaxial layers starting from the monolayer thickness regime. The MnAs films were grown by MBE on commercially available epi-ready GaAs(001) substrates using separate effusion cells for Mn and As. After the desorption of the oxide at a temperature of around 853 K, a thick GaAs buffer was deposited to obtain a smooth GaAs surface with large flat terraces. Then the substrate was cooled down to 523 K and MnAs was deposited in an As-rich environment.
III. RESULTS AND DISCUSSION
A. The GaAs(001) surface
After the buffer layer deposition, we performed ARHEED scans on the GaAs(001) surface (sample A) at a temperature of 823 K. This temperature is in the center of the stability range for the b (2 Â 4) reconstruction of the GaAs(001) surface under As-rich conditions. The resulting azimuthal scan is shown in Fig. 3(a) . Additionally, the surface unit cell, a circular sampling line, and the different inplane [110] directions are indicated in Fig. 3(b) . The figure clearly demonstrates the power of this method to reveal the complete two-dimensional symmetry and reciprocal space structure of the surface. The number of diffraction orders (reciprocal space unit cells) that can be imaged is only limited by the RHEED screen size and the primary beam energy. Alternating rows of sharp 4x and diffuse 2x spots can be clearly identified. The spots in the azimuthal scan are elliptical with the longer axis along the radial direction. This shape anisotropy results from the different transfer widths of RHEED parallel and perpendicular to the beam. 18 Note that in conventional RHEED, only the long direction with low resolution is accessible. The azimuthal scan method, however, allows us to analyze the diffraction profiles in the azimuthal direction, thereby offering access to the narrow profiles. This is demonstrated in Fig. 4 , where we compare two profiles taken from the diffraction pattern in Fig. 3 . The top profile [ Fig. 4(a) ] represents the intensity in the horizontal [110] direction through the origin of the reciprocal lattice (the center of the constructed plane). It corresponds to the resolution observed in the standard RHEED geometry. The bottom profile [ Fig. 4(b) ] shows the parallel profile at k ¼ 1, indicated by the black arrowheads in Fig. 3(b) . The difference in the peak width is dramatic, typically more than a factor of 20 for a high quality RHEED gun, deduced from Gaussian fits to various peaks. The variations in the peak intensities are due to the limited resolution of the constructed planar map, resulting in only a few data points across a profile in the high-resolution direction.
In the off-center straight profiles, the resolution varies with position, since the reflections are cut at increasingly oblique angles with increasing distance from the origin. For a quantitative evaluation, it is therefore beneficial to measure the peak profiles with constant resolution, along a circular line and with the full angular resolution of the raw data. Such a line profile with constant resolution is shown in Fig.  5 , measured along the circular arc indicated in Fig. 3(b) . All of the peaks shown in Fig. 5 have almost the same full width at half maximum (FWHM), as determined from the Gaussian fit to the peaks. One such Gaussian fit to the (01) peak is shown as an inset. The resolution defined as the FWHM is much higher than in conventional RHEED; only about 15% less than the values of a corresponding x-ray measurement. The FWHM of the GaAs (220) substrate reflection measured in grazing incidence geometry is used here for comparison and is shown in Fig. 13(a) . This very high longitudinal resolution is a result of the energy resolution of around
À4 which is approximately the same in our system for x-ray diffraction 15 and RHEED. 19 For the high quality substrate used here, both values are still instrumentlimited for the substrate reflections used for this comparison.
After an extended anneal at 823 K, the substrate was cooled down to 523 K to obtain a c(4 Â 4) reconstructed surface which is required as a template for single-orientation MnAs growth. 9, 20 A RHEED azimuthal scan recorded at this temperature is shown in Fig. 6 . This c(4 Â 4) reconstruction of GaAs(001) is characterized by additional As-containing dimers bound to a bulk-like As top layer 21 and the formation of Ga-As heterodimers on the surface. 22 The two-dimensional azimuthal scan immediately reveals all off-axis diffraction spots. One can therefore immediately distinguish between a centered and a non-centered structure that would look the same when observed along one of the frequently used f110g azimuths.
B. Growth of MnAs on GaAs(001)
The MnAs growth is started at a substrate temperature of 523 K on the As-rich c(4 Â 4) reconstructed GaAs (001) surface. Figure 7 shows an azimuthal scan measured during the nucleation phase after depositing 0.13 6 0.02 MLs of MnAs. The MnAs was continuously being deposited while recording the ARHEED scan. The MnAs growth rate was estimated to be about 0.36 nm=h. The surface reconstruction peaks are hardly detectable, which indicates that the surface no longer has a well-ordered reconstruction. However, the integer-order spots indicate the well-preserved cubic symmetry of the GaAs(001) surface lattice. No signature of the rectangular mesh corresponding to hexagonal MnAs is observed at this stage, which indicates that MnAs unit cells have not formed yet. A detailed study of different stages of the nucleation of MnAs on GaAs(001) surface as revealed by ARHEED has already been reported. 23 Here, we only compare the capabilities of ARHEED and GID for investigating the formation of the MnAs unit cell.
At a nominal MnAs thickness of 2.09 6 0.2 ML (Fig. 8) , hexagonal MnAs is starting to form, indicated by the rectangular mesh in the azimuthal scan. The overall pattern is diffuse, with a high background level that indicates a high degree of disorder. Some of the GaAs spots are still weakly visible, indicating that the MnAs is not covering the surface as a uniform layer, but rather forms islands with areas of GaAs(001) symmetry between them. We measured the lattice constant to be 3.85 6 0.22 Å along the a-axis and 5.556 Fig.  3(b) . For clarity, the inset shows the (01) peak, where the horizontal axis is magnified by a factor of 32. The dashed line in the inset is the Gaussian fit to the peak. The resolution, defined as the full width at half maximum of the Gaussian profile, is 0.0047 reciprocal lattice units (r. l. u.) and still instrument-limited. 
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0.22 Å along the c-axis. Tensile strain is observed at the onset of MnAs growth along the a-axis. We have seen the appearance of (2 Â 1) reconstruction spots upon further growth. The lattice constant approaches the bulk value as the thickness reaches about 4 ML. This behavior is consistent with GID data from the MnAs growth on GaAs.
14, 24 We have performed grazing incidence x-ray diffraction during the growth of MnAs starting from the very beginning on a different sample (sample B). The measured diffraction profiles as a function of MnAs layer thickness are shown in Fig.  9 . As can be clearly seen from the figure, the (11 20) peak of MnAs appears between 1.8 ML and 4.2 ML in thickness.
The MnAs crystals with hexagonal crystal structures are not detected below 1.8 ML. The GID measurements also show that the MnAs film is almost completely relaxed at a thickness of 4.2 ML of MnAs. Azimuthal scans during growth with rotating substrates in MBE can therefore be used as a real time tool for monitoring growth and surface reconstructions during growth more effectively than traditional RHEED.
C. Surface and interface
We study the interfacial structure between MnAs and GaAs along the c-axis direction where the misfit is about 30%. An ARHEED scan from the sample (sample C) taken after the growth is shown in Fig. 10 . To study the interface by RHEED, we have grown an ultra-thin film having a thickness below 10 nm. The surface morphology studied by AFM (not shown) indicates the presence of well-developed islands which are not yet connected. The formation of epitaxial MnAs crystallites at such a low thickness is confirmed by the rectangular 2 Â 1 unit cell observed in the ARHEED scans. The weak spots corresponding to the surface reconstruction are clearly visible; for example, see the spot at the midpoint of the line connecting the (00) and (01) observed for a layer thickness of more than $1.5 nm by the in situ GID as a result of high misfit. 14 The magnified (2 Â 1) reconstructed MnAs unit cell from the ARHEED scan is shown in Fig. 10(b) . Due to the high resolution of ARHEED, we can resolve two orders of satellites associated with the (01) streak marked by black arrows in the image. This is even more evident in the line profiles extracted from the ARHEED scan which are shown in Fig. 11 . The line profile taken along the MnAs [0001] direction at k ¼ 1 and drawn in Fig. 11(b) shows clear periodic satellites to the (01) RHEED spot, whereas in a similar line profile taken at k ¼ 0 through the origin, no satellites are present. This means that the resolution on a line through the origin is insufficient to resolve these satellites. In other words, by using conventional RHEED, it is impossible to resolve such fine periodic features. The line profile along the MnAs ½11 20 direction at h ¼ 1 shown in Fig.  11 (c) also does not show the presence of these satellites associated with the (10) reflection. It is worth mentioning that the resolution for the line profiles taken at k ¼ 1 and h ¼ 1 is the same. Hence, the splitting of only the (01) RHEED spot indicates a periodicity along the MnAs [0001] direction or along the c-axis of MnAs. The periodicity calculated from the spacing between the periodic satellites is 8.5 6 1 nm.
We need to take into account the misfit accommodation process between MnAs and GaAs at the interface in order to explain the appearance of such satellites. The high misfit along the [0001] direction is released by the formation of a coincidence site lattice that releases 25% out of the 30% mismatch, by the formation of a fourth to sixth plane fitting. 12 The fourth to sixth plane fitting means that every fourth MnAs(0002) plane is coinciding with every sixth GaAsð2 20Þ plane. The remaining 5% of the mismatch is released by the secondary defects appearing as additional planes inside the coincidence lattice. These additional planes create another sixth to eighth plane coincidence. 25 We therefore explain the appearance of the satellites as being due to the formation of a superperiod of the different coincident units. One period consists of 4 units of the fourth to sixth plane coincidence and 2 units of sixth to eighth plane coincidence. This configuration of the superperiod is necessary to release the remaining 5% mismatch. We can see the dominant satellites due to the 4-to-6 coincidence in RHEED with their periodicity of $8.5 6 1 nm. This is comparable to the thickness of the MnAs layer. Obviously, the modulation created at the interface propagates to the surface, since RHEED is surface sensitive and does not probe down to the interface.
We have performed ARHEED scans within a wide temperature range from 383 to 303 K, while cooling down the sample. The satellites next to the (01) spot in ARHEED are seen at all temperatures within this range. Figure 10(c) shows the same area as in Fig. 10(b) recorded at 383 K, without the disappearance of the (01) streak. Therefore, we can rule out the possibility of the satellites being due to the strain-mediated coexistence of periodic domains of a and b MnAs near room temperature. 26 Again, we emphasize the advantage of ARHEED scans over conventional RHEED, where it is practically impossible to detect such satellites due to the insufficient resolution. Even at optimized growth conditions for one orientation, a small fraction of the other orientation may appear. We have investigated the presence of different epitaxial orientations of the MnAs film grown on GaAs(001) using ARHEED. The sample used for this investigation was grown in slightly Asdeficient conditions and the total thickness of the MnAs layer is estimated to be below 10 nm. An ARHEED scan of the MnAs surface is shown in Fig. 12 . It clearly demonstrates the presence of both the A 0 and B 0 orientations of MnAs. The nomenclature of these orientations is in accordance with the report by Iikawa et al. 27 The unit cells of A 0 and B 0 orientation are rotated by 90 around the surface normal with respect to each other and marked in Fig. 12 .
The presence of both A 0 and B 0 orientations is confirmed by grazing incidence x-ray diffraction measurements on the same sample shown in Fig. 13 In the ARHEED scan we find additional spots that neither belong to the lattice of the A 0 orientation nor to the one of B 0 . We therefore expect that, apart from the A 0 and B 0 orientations, some other orientations or phases are also present in the film. 27 
IV. CONCLUSIONS
We have successfully employed ARHEED scans to analyze the epitaxy of MnAs on GaAs. With this method, it is possible to record diffraction patterns from large areas of reciprocal space. We demonstrate the power and simplicity of the method by determining the symmetry of the reconstructed surface during MBE growth under continuous substrate rotation. For the growth of MnAs on GaAs(001), we find that relaxed crystallites of MnAs form at a nominal thickness of as little as 1 nm when being grown on a GaAs c(4 Â 4) reconstructed surface. The disappearance of RHEED streaks corresponding to the c(4 Â 4) surface reconstruction of GaAs at the beginning of MnAs growth is due to the disorder introduced by the sub-monolayer adsorption of Mn atoms. We observe a clear (2 Â 1) reconstructed rectangular MnAs unit cell at a growth temperature of 523 K. A coincidence site lattice of every sixth GaAs plane matching every fourth MnAs plane and every eighth GaAs plane matching every sixth MnAs plane forms to release the misfit along the c-axis. One combined period consists of 4 units of fourth to sixth coincidence and 2 units of sixth to eighth coincidence. We have shown the advantage of ARHEED over conventional RHEED in detecting such long periodicities and in detecting different epitaxial orientations. The relative contents of the two orientations of the measured thin film is 87% of A 0 -and 13% of B 0 -oriented MnAs and is deduced from x-ray diffraction measurements. The reciprocal space resolution of ARHEED is comparable to x-ray diffraction using a double crystal monochromator source, and about two orders of magnitude higher than the conventional RHEED measurements. 
